Received Month X, XXXX; revised Month X, XXXX; accepted Month X, XXXX; posted Month X, XXXX (Doc. ID XXXXX); published Month X, XXXX A dual absorption and fluorescence smartphone spectrometer is demonstrated. The optical sources are the white flash LED, a blue LED λ = 450 nm and a UV LED at 370 nm, the latter two placed at 90º. Detection was carried out with the camera CMOS chip. By integrating the blue and UV excitation sources into the white LED circuitry, the entire system is selfcontained and powered from the smartphone battery; the design can be scaled to add further excitation sources. The dispersive element is a low cost, nano-imprinted diffraction grating coated with Au, which is placed in a 3D printed case. Using a customized Android App, measurements of both absorption and fluorescence spectra are demonstrated using pHand Zn 2+ -sensitive fluorescence chemosensor probes. The spectral resolution obtained is of 1.3 nm.
Smartphone sensing diagnostics increasingly relies on spectrometer based approaches beyond simple colorimetry and imaging [1] [2] [3] [4] . These can be interconnected through Bluetooth and the internet to themselves and to various sensor smartgrids that underpin the so-called internet of things (IoT). Component-wise, smartphone LED sources and the CMOS chips in particular are as good if not better than most benchtop instruments; by contrast, however, the cost is considerably lower driven by the massive consumer communications and social media market. In fact, smartphone instrumentation is central to the successful development of many lab-in-a-phone technologies [5] [6] [7] [8] .
For spectroscopic measurements, a dispersive element of some sort is required with other optical components. For example, a collimating tube has been utilised initially with a transmission grating to measure sample spectra on the CMOS chip of a smartphone with a resolution of ~5 nm [9] . A transmission grating was also used with a smartphone CMOS chip to detect narrow band reflection from a photonic crystal biosensor [10] . These applications invariably involve external emission sources such as broadband white light sources with their own power supply [11] . Another example exploits a simple prism to probe samples with the transmitted evanescent wave component of reflected light [12] . All these separately powered external emissions sources negate the portability, the green credentials and the universal access of the smartphone system itself, limiting the potential of these systems as true lab-in-a-phone spectrometers for environmental and biodiagnostic field applications.
A key challenge therefore is to build spectrometers that are completely self-contained where the smartphone battery, which can be recharged anywhere, powers the entire system [13] . Low cost and ready implementation are also important. System efficiency and overall diagnostic capability can be greatly improved if the system supports multiple spectroscopic capability. Toward this end, herein we demonstrate a dual absorption and fluorescence spectrometer, using low cost nano-imprinting technology to fabricate the dispersive element. Absorption measurements are made using the camera white light LED which has sufficient irradiance and spectral breath for many applications. For fluorescence measurements, we demonstrate the simple integration of low cost VIS and UV LEDs into the phone, allowing dual (or trifold) measurements to be undertaken with the one instrument. Absorption and fluorescence spectroscopies are selected to demonstrate multiple spectroscopy since these are the dominant methodologies currently used to investigate a wide range of molecular properties in chemical and biological science for sensing and diagnostics. The general principle of multiple spectroscopy within a lab-in-a-phone can be applied to any other interrogation method, not only in a phone but also within smartwatches, tablets [14] and so on. Figure 1 shows the general layout of the dual spectrometer. The excitation source for fluorescence is integrated into the phone by connecting a VIS (blue 450 nm) or UV LED (370 nm) in parallel with the existing white LED and at an orthogonal angle to the sample cuvette. These wavelengths are selected because many sensor dyes absorb in this region; however, any other wavelength can also be used or added to extend capability further. A resistor is used to ensure appropriate current for all systems and a switch allows selection between the LEDs. 3D printing with thermosetting acrylonitrile butadiene styrene (ABS) was used to fabricate the spectrometer box that fits over the smartphone. The dispersive element is fabricated by nano-imprinting using a silica phase template and a monomer which polymerizes with high spatial resolution, similar to that used to make transmission phase gratings [ ]. Removing the polymer off the template produces a periodically pitched grating (Λ = 1064 nm). To obtain a reflection grating, a layer of gold is sputtered over the system. A scanning electron microscope (SEM) image is shown in Fig. 1 (c) . This diffraction grating then spreads the light transmitted through the sample over the CMOS chip at a distance of 8.0 cm. The solid angle spread by the grating over the CMOS chip is sufficient to cover a bandwidth ~ 300 nm. The CMOS chip of this phone has 240 pixels along the spectral direction of the band providing a resolution  = 1.3 nm. A cylindrical lens is used to maximise the signal-to-noise (s/n) ratio at the detector; a customized Android application was developed to process the absorption and fluorescence spectra.
The spectrometer was implemented on an Android driven Kogan Agora HD smartphone (8MP Camera, 1280 × 720 pixel display). The 3D structure of the smartphone attachment was designed in AutoCAD and printed using a Makerbot Replicator 2X 3D printer. The 3D printed case holds all the components for light illumination, filtering, dispersion and collection and a suitable chamber for a sample cuvette (Fig. 2) . The upper part of the spectrometer box is closed with a cover once the sample is in place. The whole assembly fixes firmly to the camera unit of the smartphone, is robust for transport, and excludes light from external sources.
The algorithm in the Android application is developed to digitally process the images produced by the diffracted light on the CMOS detector and then plot intensity over the corresponding wavelength. The front lens of the CMOS was adjusted to produce an image containing a 240 × 10 matrix of pixels multi-colour band of the diffracted light from the grating (as shown in Fig. 1b ). The ordinary CMOS detector of smartphone is calibrated by the manufacturer to render real-life colouring in images which are reproduced by the 2D pixel grid that makes up the display screen. For this system, each pixel is a composite of three sub-pixels representing the red, green and blue (RGB) components. Therefore, this image is a representation of a 2D colour matrix whose elements are a real number ranging from 0 to 255 (8-bit). To improve s/n a cylindrical lens can be used to convert the grating dispersion to a line scan, squeezing as many photons into the line as possible. Although the RGB values of the digitized image are directly used in many smartphone based measurements [5, 6, 15] , from an analytical perspective absolute intensity values are not accurate because the composition of RGB does not change monotonically with spectral wavelength and intensity [16] . Transformation from primary RGB colour to a HSV (Hue-Saturation-Value) colour map is one way to improve this accuracy and avoid direct intensity calibration since it is closer to the photon intensity of each pixel. HSV is a cylindrical coordinate representation of points in a RGB colour space, where the V axis represents brightness of a corresponding colour determined by V = Max (RGB) [17] . It is worth noting that the physical LED dimensions, the RGB irradiance and the HSV processing are all optimized to closely match the response of the human eye. RGB values in the work detailed here are therefore converted into HSV and assumed to be sufficiently accurate in terms of absolute intensity. For absorption measurements, two images (sample and reference) were taken by the camera with default setting and saved on two adjacent canvases on the App screen. In fluorescence measurements, only the image of the sample is taken whilst the reference image is a dark background. The pixel intensity difference between the colour bands of the two images were then extracted (averaged from a 5 pixel wide) and plotted on a previously saved blank graphical screen as intensity, I, vs wavelength, λ.
The wavelength scale was calibrated against a known commercial fiber-coupled spectrometer (Ocean Optics HR4000) and a bicolour LED (λgreen ~ 562 nm and λred ~ 637 nm). To do this, the bicolour LED was positioned at the same point as the original source. Fig. 3 shows the spectrum of both bands. The known wavelength of the LED lines and their separation was used to set the wavelength span corresponding to the pixel scale along the illumination direction. In addition to HSV filtering, to calibrate intensity over wavelength, a correction factor can be applied from the scaled difference between intensities measured on the reference spectrometer and the smartphone spectrometer. The spectra presented throughout this paper are screen images taken directly from the smartphone.
To evaluate the performance of the dual spectrometer absorption and fluorescence spectra of two readily synthesized organic chemosensor dyes were taken. These dyes have emission bands that fall within the smartphone spectral range when excited by λ = 450 and 370 nm respectively, and have been used in previous studies for pH measurement and Zn 2+ ion detection in aqueous solutions [18, 19] . The ability to quantify pH and Zn 2+ ion concentration in different environmental, biological and medicinal samples is important for both environmental and human health. Accurate monitoring of pH with **** chemosensor? ensures the pH of water supplies is maintained in a suitable range [ref] . Zn 2+ is essential for cell growth, division and function at low concentrations, becoming toxic at higher concentrations so monitoring concentration with chemsosensor***? is important.
To measure the spectra, concentrated ligand solutions were prepared using dimethyl sulfoxide (DMSO) for the pH-chemosensor (CpH = 1 mM) and de-ionized water for Zn 2+ -chemosensor (CZn = 100 µM). These solutions were then diluted with HEPES buffer to afford solutions at different level of pH and Zn 2+ concentration respectively. During absorption measurements, the white flash LED was ON and the UV LED OFF. Images for pH probe (sample and reference) are shown in Fig. 1b and Fig. 4a shows the spectra. For comparison, Fig. 4b shows the spectrum of the same sample measured in a commercial bench top spectrophotometer (SHIMADZU UV-2401PC). The mobile spectrometer measured an absorption peak at λabs ~ 450 nm with a 3dB bandwidth of FWHM ~ 70 nm.
The absorption spectrum of the Zn 2+ probe was not measured since it has absorption in UV region (λabs ~ 358 nm) below 400 nm, the short wavelength limit of the smartphone.
For fluorescence, a blue LED (λ ~ 450 nm) and a UV LED (~370 nm), were used to generate emission of the pH and Zn 2+ probe respectively. These were connected alternatively with the white LED at an orthogonal position and turned ON during measurements. Separate spectra are plotted together in Fig. 4a on the smartphone, showing the Zn 2+ and pH emission peaks at λem ~ 450 nm and λem ~ 525 nm, respectively. The spectral changes are also observed when measuring samples at 3 different pHs (~6.09, 7.20 and 8.25). From the measurements, it is clear that the pH probe has weak fluorescence when deprotonated and increasing with protonation at lower pH, consistent with previous work [ref] . This was also verified using a benchtop fluorimeter (Fig. 4b) . The small deviation in the shape of the smartphone spectra compared to the benchtop instruments shows that the HSV assumption on colour correction is more accurate than expected, partly corrected for by the use of a reference for relative measurements. Additional and independent calibration for absolute analysis may be required in some absolute applications where use of a reference may not be possible.
Zn 2+ concentration was also quantified with the smartphone dual spectrophotometer. Both the integrated area and the peak intensity of the fluorescence emission at λem ~ 450 nm increase with the coordination of the metal ionas Zn 2+ concentration rises [18] . To measure Zn 2+ concentration, spectral changes were monitored using the smartphone in fluorimeter mode through a series of titrations raising absolute Zn 2+ ] concentration from ~ 0 to 50 µM (Fig. 5a) . The same samples were measured with the benchtop fluorimeter for comparison and peak intensities from both measurements are shown in Fig. 5b . The smartphone spectrometer detection limit in concentration of [Zn 2+ ] was determined to be ~ 5 µM, below the maximum concentration recommended for drinking water ([Zn 2+ ] ~13.42 µM). The nonlinear fit equation derived from the data (Fig. 5b) was used for calibration and uploaded to the smartphone App allowing arbitrary measurements to be made of samples containing known concentrations. Fig. 6 summarises these data demonstrating reasonable agreement between the actual concentrations and the smartphone system; the observed discrepancy is larger than the experimental error of I ~ 4.8% showing the limits of HSV correction. Using wireless, the data can be directly shared through a cloud service or by Bluetooth with nearby spectrometers or other devices.
In summary, combining the attributes of an inexpensively produced dispersive element and smartphone -powered optical sources, multiple spectroscopies on a fully-contained smartphone, driven by the smartphone battery alone, has been proposed and demonstrated. Dual spectroscopy (absorption and fluorescence) of molecular probes for water pH and Zn 2+ were taken on the same instrument. Using this system, zinc ion concentrations in water can be monitored. This technology promises to revolutionize field diagnostics via absorption or fluorescence spectroscopy in medical, environmental and structural health applications. 
